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Legacy from HERA:
● Structure functions in an extended x-Q2 range, xg ∝1/xλ, λ>0: 
PDFs for the LHC.
● Large fraction of diffraction σdiff/σtot∼10%.
● But: eA/eD, kinematical reach at small x, luminosity for high x /for 
searches (odderon,...), flavour decomposition, GPDs,...
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DIS at the LHC:

● 2006: proposal of the Large Hadron Electron Collider (hep-ex/
0603016), taken in 2007 by CERN, ECFA and NuPECC.

● Study group formed in 2008, series of regular workshops.

4

Guido Altarelli (1941-2015)
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The LHeC:

5

●LHeC@CERN → ep/eA experiment using p/A from the LHC:
Ep=7 TeV, EPb=2.75 TeV/nucleon, and possibly from the FCC (FCC-
he): Ep=50 TeV, EPb=19.7 TeV/nucleon.
● New e+/e- accelerator: Ecm∼1-2 (3-5) TeV (Ee=50-150 GeV).

● Requirements:
* Luminosity∼1-10×1033 cm-2s-1. 
* Acceptance: 1-179 degrees (low-x ep/eA, Q2~1 GeV2, 
nominal energy).
* Tracking to 0.1 mrad.
* EMCAL calibration to 0.l %.
* HCAL calibration to 0.5 %.
* Luminosity determination to 1 %.
* Total wall plug power < 100 MW. 
* Compatible with synchronous LHC operation.
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* Luminosity determination to 1 %.
* Total wall plug power < 100 MW. 
* Compatible with synchronous LHC operation.

Requirements LHeC HERA How?

high lumi for high x 
and Q2

1-10×1033 1-5×1031 ER technique

large acceptance 1-179 deg. 7-177 deg. kinematic coverage

tracking 0.1 mrad 0.2-1 mrad modern Si

EMcal 0.1 ℅ 0.2-0.5 ℅ kinematic 
reconstruction

Hcal 0.5 ℅ 1 ℅ tracking + calo e/h

accurate lumi/pol 0.5 ℅ 1 ℅ demanding
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Power constraints 
and design 
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ERL:

Post CDR CDR
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● Nominal case: 60+7000.
Possible to lower the
energy of both beams (e.g.
for FL).
● 1 ab-1 in ten years within
reach.
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● Nominal case: 60+7000.
Possible to lower the
energy of both beams (e.g.
for FL).
● 1 ab-1 in ten years within
reach.

eD: LeN=ALeA>∼3×1031 



Some details:
Return arcs (A. Milanese) IR: crucial point for updated CDR

● SC RF: HL-LHC bunch spacing requires bunch spacing with 
multiples of 25 ns (40.079 MHz).
● Choice of 802 MHz for optimisation and synergies with FCC, 
CERN-JLab cooperation: two cavities to be built in 2016.
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120-350 GeV
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FCC:
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120-350 GeV

pp: √s=100 TeV
PbPb: √s=39.4 TeV/nucleon
pPb: √s=62.8 TeV/nucleon

11

FCC:
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ERL facility for SCRF:

N. Armesto, 09.01.2016. - LHeC status and plans: 2. Accelerator.

● PERLE: ambitious design (2×150 MeV linacs, 3 passes ➝ 900 MeV), 
significant physics potential of its own (1040 cm-2 s-1 fixed target): 
EW physics, proton radius, photonuclear physics, dark photons … + 
accelerator development, magnet test, LHeC prototype/injector.
● Conceptual Design Report by spring 2016, under consideration a 
low energy but high current demonstrator with 3 passes.
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Kinematics:

● Small-x demands 1 degree acceptance. This gets worse with 
increasing electron energy.
● Higher luminosity would benefit high-x and Q2 studies: linked to 
small x via DGLAP evolution (see HERA final analysis).
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● Taggers at -62m (e),100m (γ, LR), +100m (n), +420m (p).
● Present size < 14m x 9m (CMS 21m x 15m, ATLAS 45m x 25m).
● Developed in DD4HEP.

LHeC detector:
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● Size scales ~2 in forward, ~1.3 in backward.
● Preliminary version, size and cost of huge magnets (H➝μμ) are 
the limiting factors.

FCC-he detector:
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PDFs:
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PDFs:
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PDFs:
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● Full flavour 
decomposition, also eD, 
possibility to release 
assumptions in fits.



αs:
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● Least known of 
all coupling 
constants.
● 0.1 % requires 
N3LO, Δmc~5 MeV.

1/α
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Top and EW physics:
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Top and EW physics:
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Higgs at the LHeC:
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● (VBF) cross section 
comparable to that at the 
ILC, clear separation of 
WWH and ZZH.

● No pileup (0.1 at 1034), 
S/B~1.
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● (VBF) cross section 
comparable to that at the 
ILC, clear separation of 
WWH and ZZH.

● No pileup (0.1 at 1034), 
S/B~1.

● FCC-he:
HH➝4b’s,
σ~0.01-0.04 fb.

1509.04016



Higgs at the HL-LHC:

N. Armesto, 09.01.2016. - LHeC status and plans: 4. Physics case. 23

● αs and PDFs dominate the uncertainties 
on the cross section e.g. Δαs=0.005 
means 10 % for the cross section.
● Sensitivity to the Higgs mass cannot be 
achieved due to these reasons.

● The LHeC would turn 
HL-LHC into a 
precision Higgs machine. 



BSM:
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● FCNC: new physics models 
(SUSY, TC,little H, ED,…) predict 
BR=O(10-5) accesible @ LHeC.

● Present LHC constraints
on scale of qqll CI: 15 – 26 TeV 
(40 @14 TeV).



● LHeC F2 and FL data will have discriminatory power on models.

Small-x: inclusive
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● NLO DGLAP cannot simultaneously accommodate LHeC F2 
and FL pseudodata if saturation effects included according to 
current models. Two observables required (F2-F2c?).
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Small-x: diffractive
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● Large increase in 
the M2, xP=(M2-t
+Q2)/(W2+Q2), β=x/
xP region studied.
● Possibility to 
combine LRG and 
LPS.

e
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LHeC (Ee = 50 GeV, 2 fb-1)

HERA (500 pb-1)

Diffractive event yield (xIP < 0.05, Q2 > 1 GeV2)

MX / GeV

Ev
en

ts



Small-x: diffractive
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● Elastic J/ψ production 
appears as a candidate to 
signal saturation effects 
at work!!!

p p′

r⃗

b⃗
x x′

z

(1 − z)r⃗
1 − z

γ∗ E

Linear, 
sensitivity 
to (xg)2.
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DVCS:
● Exclusive processes give information 
about GPDs, whose Fourier transform 
gives a transverse scan of the hadron: 
DVCS sensitive to the singlet.
● Sensitive to dynamics e.g. non-linear 
effects.

DVCS, Ee=50 GeV, 1o,
pTγ,cut=2 GeV, 1 fb-1

DVCS, Ee=50 GeV, 10o,
pTγ,cut=5 GeV, 100 fb-1
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Note the huge Q2!!!
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eA: inclusive
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● Large impact on nPDFs, 
possible to make a Pb fit 
without proton PDFs!!!
● Large room for 
improvements: NC+CC at 
several energies, flavour 
decomposition,…
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● Large impact on nPDFs, 
possible to make a Pb fit 
without proton PDFs!!!
● Large room for 
improvements: NC+CC at 
several energies, flavour 
decomposition,…

M. Klein at POETIC6



eA: diffractive
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● Elastic VM:
saturation, nGPDs.



The LHeC:
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Tentative plans:
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Tentative plans:
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● Update of the CDR for 2017, ready for the next European 
Strategy of Particle Physics in 2018:
➜ Update of physics case in view of LHC findings.
➜ ERL test facility.
➜ Accelerator: IR.
➜ Detector.

● Ongoing discussions with the new CERN management. Next 
workshop: around September 2016.

● Any decision pending on LHC findings in Run II.

● In current schedule, LHC expected to operate until ~ 2037.



Summarising:
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120-350 GeV

pp: √s=100 TeV
PbPb: √s=39.4 TeV/nucleon
pPb: √s=62.8 TeV/nucleon
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120-350 GeV

pp: √s=100 TeV
PbPb: √s=39.4 TeV/nucleon
pPb: √s=62.8 TeV/nucleon

93 km option (Lebrun in Washington DC)
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120-350 GeV

pp: √s=100 TeV
PbPb: √s=39.4 TeV/nucleon
pPb: √s=62.8 TeV/nucleon

100 km option (Lebrun in Washington DC)
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LHC vs. LHeC:
(Ee=140GeV	and	
Ep=7TeV)pp@LHC

ePb@LHeC

ep@LHeC

Ax
-710 -610 -510 -410 -310 -210 -110 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

810

(x)2
sat,PbQ

Present
DIS+DY

p+Pb   LHC (7 TeV+2.75 TeV)

Present nuclear DIS
and Drell-Yan in p+A

= 6
laby

= 4
laby

= 2
laby

= 0
laby

pPb@LHC

35N. Armesto, 09.01.2016. - LHeC status and plans: 4. Physics case.



LHC vs. LHeC:
(Ee=140GeV	and	
Ep=7TeV)pp@LHC

ePb@LHeC

ep@LHeC

x  
-610 -510 -410 -310 -210 -110 1

)2
 (G

eV
2

Q

-210

-110

1

10

210

310

410

510 : QUltra-peripheral Q
 (|y| < 2.5)ΥLHC 

 (|y| < 2.5)ΨLHC J/

Nuclear DIS & DY data:
NMC (DIS)
SLAC-E139 (DIS)
FNAL-E665 (DIS)
EMC (DIS)
FNAL-E772 (DY)

 (Pb, b=0 fm)2
sQ

perturbative

non-perturbative

PbPb@LHC

Ax
-710 -610 -510 -410 -310 -210 -110 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

810

(x)2
sat,PbQ

Present
DIS+DY

p+Pb   LHC (7 TeV+2.75 TeV)

Present nuclear DIS
and Drell-Yan in p+A

= 6
laby

= 4
laby

= 2
laby

= 0
laby

pPb@LHC

35N. Armesto, 09.01.2016. - LHeC status and plans: 4. Physics case.



LHC vs. LHeC:
(Ee=140GeV	and	
Ep=7TeV)pp@LHC

ePb@LHeC

ep@LHeC

x  
-610 -510 -410 -310 -210 -110 1

)2
 (G

eV
2

Q

-210

-110

1

10

210

310

410

510 : QUltra-peripheral Q
 (|y| < 2.5)ΥLHC 

 (|y| < 2.5)ΨLHC J/

Nuclear DIS & DY data:
NMC (DIS)
SLAC-E139 (DIS)
FNAL-E665 (DIS)
EMC (DIS)
FNAL-E772 (DY)

 (Pb, b=0 fm)2
sQ

perturbative

non-perturbative

PbPb@LHC

Ax
-710 -610 -510 -410 -310 -210 -110 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

810

(x)2
sat,PbQ

Present
DIS+DY

p+Pb   LHC (7 TeV+2.75 TeV)

Present nuclear DIS
and Drell-Yan in p+A

= 6
laby

= 4
laby

= 2
laby

= 0
laby

pPb@LHC

● The LHeC 
will explore a 
region 
overlapping 
with the LHC:
➜ in a cleaner 
experimental 
setup;
➜ on firmer 
theoretical 
grounds.
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PDFs with LHC:

N. Armesto, 09.01.2016. - LHeC status and plans: 4. Physics case. 36

S. Forte at ECFA, Nov. 2015



PDFs with LHC:

N. Armesto, 09.01.2016. - LHeC status and plans: 4. Physics case. 36

S. Forte at ECFA, Nov. 2015



Diffraction in ep and shadowing:
e

● Diffraction is linked to nuclear shadowing through basic QFT 
(Gribov): eD to test and set the ‘benchmark’ for new effects.

        

1106.2019
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Diffractive dijets:
● Diffractive dijet and 
open heavy flavour 
production offer large 
possibilities for:
➜ Checking 
factorization in hard 
diffraction.
➜ Constraining DPDFs.

● Large yields up to large 
pTjet.

● Direct and resolved 
contributions: photon 
PDFs.
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Dihadron azimuthal decorrelation:
● Dihadron azimuthal decorrelation:
currently discussed at RHIC as
suggestive of saturation.
● At the LHeC it could be studied far from the kinematical limits.

Albacete-Marquet ’10 pTlead>3 GeV
pTass>2 GeV
zlead=zass=0.3
y=0.7
Q2=4 GeV2 

xA<<xp

ΔΦ=Φ12

39N. Armesto, 09.01.2016. - LHeC status and plans: 4. Physics case.



Dijet azimuthal decorrelation:
● Studying dijet azimuthal decorrelation or forward jets (pT∼Q) 
would allow to understand the mechanism of radiation:
➜ kT-ordered: DGLAP.
➜ kT-disordered: BFKL.
➜ Saturation?
● Further imposing a rapidity gap
(diffractive jets) would be most
interesting: perturbatively
controllable observable.
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Forward jets:
● Studying dijet azimuthal decorrelation or forward jets (pT∼Q) 
would allow to understand the mechanism of radiation:
➜ kT-ordered: DGLAP.
➜ kT-disordered: BFKL.
➜ Saturation?
● Further imposing a rapidity gap
(diffractive jets) would be most
interesting: perturbatively
controllable observable.
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Jets:

● Jets: large ET even in eA.
● Useful for studies of parton 
dynamics in nuclei (hard probes), 
and for photon structure.
● Background subtraction, 
detailed reconstruction pending.
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● Low energy: hadronization 
inside → formation time, 
(pre-)hadronic absorption,...

● LHeC: dynamics of QCD radiation and hadronization.
● Most relevant for particle production off nuclei and for QGP 
analysis in HIC.

Radiation and hadronization:

● High energy: partonic evolution 
altered in the nuclear medium.

∼ratio of FFs A/p
z=phadr/pparton

ν=Estruck parton
hadron rest frame
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● Low energy: hadronization 
inside → formation time, 
(pre-)hadronic absorption,...

● LHeC: dynamics of QCD radiation and hadronization.
● Most relevant for particle production off nuclei and for QGP 
analysis in HIC.

Radiation and hadronization:

● High energy: partonic evolution 
altered in the nuclear medium.

Fixed-target LHeC

∼ratio of FFs A/p
z=phadr/pparton

ν=Estruck parton
hadron rest frame
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LHC schedule:
Frederick Bordry to the SPC

 and FC
, June 2015
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